A new simplified model has been developed for reactive absorption processes for the purposes of process synthesis. Rigorous models are not suitable for synthesis and design as the models are complex and difficult to solve. The new model is based on chemical vapour-liquid equilibrium, but mass transfer and reaction rates are accommodated using component efficiencies. The new model is shown to give predictions in good agreement with those of rigorous simulation for a gas sweetening process. The model is restricted to liquid phase ionic reactions without formation of new compounds.
Introduction
Reactive absorption is widely applied in industry for gas treatment. Process synthesis and design addresses selection of optimal design parameters, including column design parameters, solvent flowrate, solvent concentration etc. A model which simply but adequately represents the complex nature of the chemical system and of the separation process is required. Much research in reactive absorption is focussed on modelling of the column. The modelling is mainly divided into two broad areas: i) Equilibrium stage model and ii) Rigorous Model (Rate-based approach). In equilibrium stage models, the gas and liquid phases leaving each separation stage are assumed to be in equilibrium. If the system is highly non-ideal and mass transfer rates are finite, then equilibrium stage models do not represent the system adequately. Rate-based models which incorporate deatiled information on mass transfer rates and reaction kinetics provide realistic descriptions of process behaviour. Taylor and Krishna (1993) provide a detailed review of both equilibrium and rate-based models. Kenig et al. (1999) describe the rigorous models for complex reactive absorption processes. Although rigorous models can represent reactive absorption process behaviour accurately, they are not suitable for the design and synthesis of process flowsheets. The complex nature of these models gives rise to large computational requirements, which can lead to problems related to convergence (e.g. of optimisation problems, Groemping, 2002) . Instead, simplified or shortcut models are needed to simulate and evaluate design alternatives. An additional benefit of simplified models is that they can be used for generating suitable initial guesses for rigorous models. A new simplified model is presented for design and simulation of reactive absorption columns in which there are
Development of the model
In reactive absorption processes generally, the mixtures involved are highly non-ideal systems containing multiple components and undergoing multiple reactions. In the modelling of reactive absorption processes, equilibrium stages cannot be assumed. Both finite mass transfer rates and finite reaction rates need to be considered. In many cases, these finite rates can be modelled in terms of the component efficiency on each stage (i.e. the extent to which the component approaches reaction and phase equilibrium, Tomcej et al., 1987) . The component efficiency is a complex function of reaction kinetics, pressure, temperature and tray hydraulics. In this model, components are grouped into two sets -the 'key' components, for which there are significant deviations from equilibrium, and the 'non-key' components, which essentially achieve equilibrium on each stage. In particular, some of the noncondensable gases present in the gas feed and the non-volatile liquid components are effectively in vapour-liquid equilibrium. The assumptions made in modelling mass transfer of components are as follows:
1. The key component efficiency is assumed to be uniform on each plate and constant throughout the column section. The Kremser group method (Seader and Henley, 1998 ) is a shortcut model for physical absorption process (see Appendix A). This model is used to model equilibrium behaviour of the non-key components The new simplified model accounts for the following features of reactive absorption processes:
1. Variation in solubility or volatility of components through the column section (i.e. constant values of the equilibrium constant, K, are not assumed). 2. The heat of the chemical reaction affects the temperature profile in the column. 3. Molar flows of the gas and liquid phases are not constant, due to the reaction and heat effects in the column. The simplified model treats the column as a 'block' of separation stages (see Figure 1) . Only for the top and bottom stages of the block are the stage temperatures and equilibrium constants (K values) calculated. The behaviour of the whole column section is then modelled by assuming profiles (of K values, flow rates, etc.) and applying a modified form of the Kremser group method.
Estimation of temperature profile in column
The temperature profile in the column is estimated by relating the heat of the chemisorption reaction to sensible heat effects for both the gas and liquid phases in the column. The temperatures of the gas and liquid feeds to the column section are treated as known variables. The overall heat balance around the reactive absorption column is: 
where the ( )
, relative to the reference temperature.
Equation (1) can be rewritten as: For estimating the temperature profile in the column, following assumptions are made:
1. The gas leaving the absorption tower is at the same temperature as the solvent feed to the tower. That is, the temperature of the top stage is assumed to be equal to the temperature of the solvent feed. 2. The specific heats of the gas and liquid mixtures are assumed constant through the column section. The properties of the gas and liquid feeds are used to calculate heat capacities for the gas and liquid phases, respectively. For a specified amount of gas to be absorbed or desorbed in the column and given the heat of reaction per mole of gas absorbed, the temperature change in the column can be estimated using equation (2).
Estimation of composition profile in column
Given the feed conditions (compositions, temperatures, pressures and flow rates), the separation specifications and estimating the temperature profile in the column with eq. (2), chemical equilibrium calculations are carried out for the top and bottom stages. The non-key component mole fractions in the product are calculated using the Kremser group method described in Appendix A. The unknown variables for simulating the block of stages shown in Figure 1 are the component flowrates of key components in the gas and liquid phases leaving the top and bottom stages. The flowrate of the key components in the liquid product can be estimated using an overall mass balance, given the flowrate of the gas product. Thus, the unknown variables for calculation are:
i.e. the key component flowrates on the top and bottom stages. If the flowrates of the key components and non-key components (obtained using the Kremser method) leaving the top and bottom stages are known, chemical equilibrium are carried out for the top and bottom stages:
The total number of unknowns is 3N A , where N A is the number of key components. Equation (3) 
The vapour-liquid equilibrium constants (K values) on stages within the block are assumed to vary linearly between the values calculated for the top and bottom stages. Solution of these equations (2) through (6) generates the composition profile in the column. The key component efficiencies, incorporating reaction effects by the use of enhancement factors, are derived from rigorous simulation results. The CO5NCF routine in NAG FORTRAN library is used to solve simultaneous the non-linear algebraic equations (3) and (6) alongwith equations (2), (4) and (5). To provide initial guesses for the vapour and liquid flow rates, a simple flash of the combined feed at the mean feed temperature is modelled.
Case study
The validity of the new model is demonstrated by application to the gas sweetening process for selective removal of H 2 S from a gas stream using an aqueous solution of MDEA (Methyldiethanolamine) as the solvent. The gas feed contains H 2 S, CO 2 and methane. The thermodynamic properties, including the enthalpy and chemical equilibrium, are calculated using the method of Kent and Eisenberg (1976) . This model is incorporated into the Amines property package of HYSYS ver 2.4. The model of Kent and Eisenberg (1976) has been validated independently of this work. The simplified model is tested by comparing its predictions with those of HYSYS. The input data for the simulation are reported in Table 1 . The component efficiencies for the H 2 S and CO 2 are calculated by HYSYS to be 0.4 and 0.02 respectively, and are kept constant in the column. The model of Kent and Eisenberg within HYSYS is used to calculate chemical equilibrium. Results are presented in Table 2 . It can be seen that the new model is in good agreement with the HYSYS model. 
Conclusions
A simplified model for reactive absorption processes has been developed for the purposes of process synthesis and evaluation. Compared to rigorous stage-by-stage equilibrium models, the size of the model is considerably reduced. The model has been tested for a gas sweetening process and gives good quantitative and qualitative agreement with the rigorous model provided by the Amines package of HYSYS ver 2.4. The model can be used to describe more complex column configuration by coupling column sections modelled as blocks. In this work, the equilibrium constant K i,j is calculated at mean feed conditions and is assumed to be constant through each stage. Knowing both absorption and stripping fractions, the outlet compositions of the gas and liquid products are obtained by: 
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